The paper deals with the numerical modeling of a pulse-width modulated voltage inverter-fed induction motor drive for the common and differential current modes. The proposed model of the drive respects the influence of the feeding cable described by the lumped or distributed parameters. The theoretical analysis is supplemented by results of relevant simulations and experiments. Evaluated are also the frequency characteristics of selected parts of the system and their contributions to its resultant harmonic spectra.
I. INTRODUCTION
The pulse-width modulated (PWM) transistor inverters supplying the induction motor drives often become sources of the common and differential mode currents that produce conducted and radiated electromagnetic interferences (EMI), bearing currents and decrease of the insulation lifetime. Their undesirable effects may effectively be reduced by different ways that have recently been developed, see, for example, [1] - [4] .
The analysis of the amplitudes and harmonic spectra of the above parasitic currents requires adequate models of inverterfed induction motor (IM) [5] - [13] . The paper deals with the models of a PWM voltage inverter-fed induction motor drive developed for the common and differential current modes. Both representations of the drive system take into account models of the feeding cable with lumped or distributed parameters. The theoretical analysis is supplemented by results of relevant simulations and experiments carried out on IGBT and IGCT inverters. Evaluated are also the frequency characteristics of selected parts of the system and their contributions to its resultant harmonic spectra.
II. THE BASIC MODELS
The basic arrangement of the investigated system is shown in Fig. 1 .
A. Induction motor model for high frequencies
The IM is modeled by the developed equivalent circuit consisting of a set of lumped parameters (see Fig. 2 ) determined by constrained optimization process based on the minimum difference between the calculated and measured frequency characteristics of the circuit. The circuit (we have used 2 n = ) consists of two parts, which are similar in their structures but generally different in the values of particular parameters. The individual stator phases are modeled by two impedances v1 Z and v2 Z connected in series.
network rectifier Fig. 1 . The investigated drive system with an inverter, cable and IM
Fig. 2. Possible equivalent circuit of the induction motor
Thus, we can derive the transfer functions (IM impedances) for the common and differential modes on the basis of Fig. 2 . The common mode currents flow through leakage capacitances to the earth and back to the ac power mains via the ground connection, while differential mode currents close themselves only in the phase conductors.
The influence of the mutual inductances vi M may be in- 
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Both common and differential mode transfer functions c ( ) Z p , d ( ) Z p are then given by fractions containing polynomials of the seventh or eighth orders in their numerators and denominators. also emphasize that all important resonant peaks in both models may be found by the IM equivalent model shown in Fig. 2 .
B. Feeding cable model
The voltage and current distributions in a system consisting of n conductors are described by the following set of equations
' '
x t 
while conditions at the end of the line depend on how the load is modeled and connected. Although a number of more or less sophisticated methods were developed and studied, we used only the Fourier decomposition procedure that represents a relatively simple tool for determining the time dependence of the steady state parasitic currents. The method has been incorporated into a program package written by the authors that is intended for solution of steady state and transient phenomena in systems containing feeding lines.
In p of the cablemotor system are given by fractions with polynomials both in the numerator and denominator. These polynomials are of the order of 8/7 for cc Z and 9/8 for dc Z , respectively, and can be written as
and
III. SIMULATIONS AND MEASUREMENTS ON INDUCTION MO-TOR DRIVE A great amount of simulations and measurements have been carried out for confirmation of the validity of the models and provide a deeper view into the effects. The responses obtained on this model well correspond with the responses captured on the real drive system. Fig. 7 presents the current responses in the differential mode. The difference between the magnitudes of the measured and calculated peak values of ( ) d i t is in accordance with the error in
for the lower resonant frequency ( Fig. 5) . Nevertheless, the shape of the calculated response is in accordance with the measured one.
A lot of computations based on (3)-(4) were also carried out to investigate the common and differential mode current responses if the drive is fed by a series of perfectly trapezoidal voltage pulses drawn from the inverter.
As for the calculated response, the measured values of the inductance and capacitance of the cable are almost constant within the considered range of frequencies and their average values were found to be Fig. 8b) presents similar values for the cable of length of 10 m. By comparing the figures we can see how the overvoltages at motor terminals are higher, as a result of wave phenomena, and the current peaks at inverter terminals more pronounced, due to cable leakage currents, for the longer cable. Fig. 9 compares the calculated (the number of the Fourier expansion terms being 500) and measured transient common mode current responses in a system with the feeding cable of length 10 m and IM. Fig. 10 shows the common mode interference spectra detected at the measurement point at the LISN and expressed in the double logarithmic representation for two different lengths of the feeding cables ( c 2 l = m and 30 m). Three characteristics are depicted, namely for only the inverter in operation dotted lines), the IGBT inverter with the feeding cable (dashed lines) and for the inverter feeding the IM through the cable (full lines). By comparing the interference spectra for different lengths of the cable and different parts of the system we can evaluate impacts of these individual subsystems of the drive. Two main peaks (around 350 kHz and 6.5 MHz) may be distinguished at the frequency spectrum for the inverter working alone without any load. After comparing the curves in the two figures we can see that the longer is the cable, the higher is the level of the common mode interference (dashed lines), while for the longer cable the spectra measured without and with the induction machine ( Fig. 10b ) are almost identical.
The reason is that with growing length of the cable the current flowing via the stray capacitances of the cable to ground increases. For a certain length of the cable the contribution of the IM leakage current to the total current is almost negligible, except for the range of lower frequencies (below a few hundreds of kHz). It is clearly visible that the character of the spectra (full lines) between 70 and 300 kHz is practically the same irrespective of the lengths of cables feeding the IM. It indicates that this part characterizes the IM. On the contrary, the second dominating part of the characteristics (around 5.5 and 1.5 MHz) depends on the cable length (2 and 30 m).
As a matter of fact, power switching devices feature permanent improvement which can be demonstrated e.g. by the successive development of GTOs into IGCTs. In general, the objective has been an increase in the device ratings, especially in terms of the repetitive peak blocking voltage (nowadays up to DRM 4500 V V = ), the maximum controllable turn-off current (nowadays up to TGQM 4000 A I = ) and the device switching frequency. The IGCT is based on the principle that is called the hard-driven turn-off process, which is known also as unity-gain turn-off. Fig. 11 compares the voltage front edges produced by an IGCT inverter to voltage front edges produced by the IGBT inverter. For this comparison, however, inverters with the same dc supply voltage were not at our disposal. The IGBT inverter was made up of a MITSUBISHI module and the provided dc feeding voltage was 310 V. The IGCT inverter, on the other hand, was supplied by 550 V. The supplied motor was an IM of the type TB 702 with rated values 85 kW, 75 Hz, 2214 rpm, 133.8 A. We see that the voltage front edges at both the IGBT and IGCT inverters have similar steep slopes and, although the switching times at the IGCT-based inverters are longer than those at the IGBT inverters, it may be expected that these inverters will produce also similar voltage waves traveling along the cables connecting the inverters and ac motors and resulting overvoltage phenomena, Fig. 12 .
To eliminate solitary, accidental, and abnormal waveforms, two characteristic waveforms (samples) measured very close to the inverter and two characteristic samples measured very close to the motor were selected for the harmonic analysis. The figure demonstrates that the presence of the cable results in overvoltages at IM terminals. a) close to IGCT inverter b) close to IM We have found the results and experience referred so far are very useful at the development and testing of some drives of vehicles for city mass transport from the point of view of EMI. In addition to conducted high frequency parasitic currents also radiated EMI produced by the drives of vehicles (tramways and trolleybuses) were calculated and measured. Fig. 13, 14 present examples of results gained when modeling magnetic field inside and outside the trolleybus TR21. Computation was carried out for various working regimes and for application of two different power switching semiconductor devices (IGBTs, IGCTs). Influence on near low-current and telecommunication systems was of our interest too. Computation of the magnetic field was performed by the professional FEM-based program QUICKFIELD. Results were compared with values measured and those given by standards.
Contact wires
Trolley Roof , 16 show examples of the measured levels of EMI in the city transport enterprises in Czech towns Hradec Králové and Plzeň. It is important to note that at Hradec Králové a trolleybus with IGCT devices was pursued, Fig. 15 . The EMI background there was influenced by other trolleybuses, which were operating at the same time. The EMI of a tramway equipped with IGBT inverters was measured at Plzeň, Fig. 16 . The tramway was a prototype under test operation and no other similar tramways were connected to the overhead contact system. To increase the objectivity, many measurements at various localities were carried out.
The results summarized in Figs. 13-16 were helpful when suggesting measures aimed at the reduction of EMI. 
IV. CONCLUSIONS
The equivalent models of the feeding cable as well as the IM suitable for the determination of stray current disturbances in the common and differential modes have been suggested. The frequency characteristics of selected parts of the system and their contributions to the resultant harmonic spectra have been evaluated as well.
The responses obtained on this model well correspond with the responses captured on the real drive system. This holds even at the very beginning of the transients, where the vari-ables (mainly currents) are characterized by steep changes (peaks) and high frequencies.
As for the IGCT inverters, it has to be expected that these inverters may produce similar voltage waves traveling along the cables connecting the inverters and ac motors and resulting phenomena as those produced by the IGBT inverters, although IGCT total switching times are substantially longer.
The paper summarizes also the experience acquired during laboratory experimental operation of the IGBT and IGCT inverter feeding a 3-phase induction machine (IM) as well as practical knowledge gained from the employment of these switching devices in vehicles of city mass transportation.
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